The statistically significant shared oligonucleotides (block identities) of the intervening region (J5-C) in the human, mouse, and rabbit immunoglobulin (Ig)-kappa gene were determined.
Introduction
Extensive DNA sequence comparisons between the human, mouse, and rabbit Ig-kappa genes exclusive of the large intron regions J5 to C (C = constant domain) are set forth in the companion paper in this volume by Karlin et al. (1985) . In that paper, all statistically significant shared oligonucleotides (also referred to as "block identities" or "blocks") involving at least two of the three species are determined. Several of these identity blocks and proximal regions present attractive candidates for experimental testing as control sequences. The present paper concentrates on the intervening region J5-C, which has special interest because of the existence of an enhancer element therein (Queen and Baltimore 1983; Stafford and Queen 1983; Picard and Schaffner 1984) .
The human J5-C intron consists of 2,180 base pairs (bp), including 35 undetermined nucleotides. The mouse intron region is 2,5 15-bp long, with 19 undetermined nucleotides. The rabbit intron comprises 2,95 1 bp. Source references of the sequence data and positions of all undetermined nucleotides are given in Karlin et al. (1985) , and in locating oligonucleotides, we employ the same notation used therein; that is, "466 3' to J5" signifies that the specified oligonucleotide has as its first nucleotide the 466 bp after J5, whereas "666 5' to C" means that the given oligonucleotide starts at the 666-bp position upstream from C.
The assessment of statistical significance and the definition for alignment are described in the companion paper (Karlin et al. [ 19851, sections 2 and 4) . In that paper, we adopted the more stringent criterion that statistical significance of block identities be ascertained relative to the whole Ig-kappa-gene sequences rather than be restricted to the intron region. It is telling that there was no statistically significant block identity intersecting the J5-C intron that related to coding or other noncoding regions (e.g., inter-J and the flanking portions 5' to Jl and 3' to C). Table 1 records all statistically significant block identities in the J5 to C intron. In addition, we list all shared lo-, 1 I-, 12-, and 13-bp oligonucleotides that in at least two of the three sequences are aligned with the significant block identities as well as all aligned 9-bp blocks occurring in all three sequences. (For the definition of alignment, see Karlin et al. [ 19851, section 4 .) These selected block identities are not themselves statistically significant, but their close alignment with other significant identity blocks extends the matching regions and aids interpretations of other results.
Interest in the intron region has increased since the demonstration in the mouse kappa-gene of a transcription-enhancer element located -600-750 5' to the C-domain (e.g., Queen and Baltimore [ 19831; Picard and Schaffner [ 19841) . Substantial sequence identity for all three species in this 150-bp stretch has been noted by Emorine et al. (1983) . Except for the enhancer segment, DNA comparisons have not been performed for the intron region as a whole. The following section sets forth a comparative analysis of the J5-C intron region and is accompanied by alignment maps presented in the figures. In particular, we found a statistically significant IO-bp oligonucleotide common to all three sequences in the intervening region. Extensive similarity in the neighborhood of this shared oligonucleotide suggests that this region includes a functional site-perhaps a second enhancer or an important control element-1 kb upstream from the established enhancer. Some ancillary supporting evidence for this suggestion is discussed later. Section 2 below elaborates on the abundance of other block identities in the intervening region. In section 3 below, we propose a scenario for insertions, deletions, and amplifications that could have contributed to the differences between the three intron regions. Section 4 below describes the close and large dyad-symmetry (inverted complementary) pairings and their possible relations to the enhancer elements.
The characteristics and functions of enhancer segments are under intensive investigations (e.g., see the symposium volume edited by Gluzman and Shenk [ 19831) . It is useful to briefly review a number of salient facts pertaining to enhancer elements. Enhancer elements, which boost-and in certain cases are essential forgene transcription, have been found in viral organisms (e.g., Benoist and Chambon [ 198 11; Gruss et al. [ 198 11 ) and in Ig genes Hayday et al. 1984) . The 72-bp tandem repeat in SV40 and the large terminal repeat in the LJJ region of the Maloney murine sarcoma virus are prime examples of viral enhancer elements. Viral enhancers are normally located on the 5' side of promoters of the gene, but experiments show that their relocation by as much as several kbp in both directions does not diminish their ability to stimulate gene transcription. Moreover, the repeat copy and the orientation of the element are not essential for the enhancement outcome. Although the SV40 and the Maloney sarcoma virus enhancers will expedite transcription in heterologous genomes, the extent of the enhancement activity is relatively host-cell specific (Laimins et al. 1983 ). Enhancer elements established in both the heavy and light chains of mouse Ig are known to be tissue specific Picard and Schaffner 1984) , operating most efficiently in cells of the B-lymphocyte lineage. It has been postulated that host cells "encode specific macro-molecules that interact with the viral enhancer sequences to elevate the levels of transcription" (Laimins et al. [ 19831, p. 32) . NOTE.-A statistically significant similarity of length r 14 bp will occur by chance with a probability of ~0.01. See the companion paper in this issue (Karlin et al. [ 19851) for justifications and methods of calculating statistically significance values. All pairwise block identities of lengths 11, 12, and 13 bp and triply shared 9-bp blocks in alignment with the statistically significant oligonucleotide identities are recorded.
* P < 0.01. ** P < 0.001. *** P < 0.00001.
Tissue-specific controls and nuclear environment may account for those variations in protein-DNA interactions that are germane to gene transcription and expression. The essential DNA compositions of enhancer elements are unknown, 56 Karlin and Ghandour although core consensus sequences have been proposed (e.g., Laimins et al. [ 19831) . Suggestions relating enhancers to Z-DNA (Nordheim and Rich 1983) and altered chromatin structure (Jongstra et al. 1983 ) have been made. Later in the present paper, we speculate on the nature of the DNA composition that may account for the ability of enhancer elements to operate independently of orientation and at variable distances.
Statistically Significant Block Identities in the J5-C Intron
The statistically significant identity blocks within the introns divide into three main groupings as described below (also see fig. 1 ): (1) the region 600-750 5' to C, (2) the region -850-1,250 3' to J5, and (3) the region within 200 3' to J5. In order to integrate the form and alignments of the statistically significant block identities into a coherent framework, we hypothesized a series of substantial insertions and deletions, described explicitly in section 3 below (also see fig. 2 ).
An enhancer element in the mouse sequence (e.g., Queen and Baltimore [ 19831) has been confirmed as being localized -600-750 bp upstream of the C-domain.
This region in the mouse sequence displays manifest similarity to a region in the human sequence covering 600-750 5' to C (see table 1 and fig. 1 ); in particular, there is a highly statistically significant shared oligonucleotide of length 16 bp, in addition to one 13-bp-long and two 12-bp-long block identities. These four block-identity pairs are in perfect alignment relative to each other, which supports the proposition that this DNA segment embraces an enhancer element that is operative in the human as well as in the mouse sequence. There is no long block identity in this segment between the mouse and the rabbit sequences. However, the 9-bp oligonucleotide common to all three species, AGGCAGGTG, is in perfect and is embedded in a 13-bp human-mouse block identity ( fig. 1 ). Moreover, 49 bp upstream in the same alignment, the mouse and rabbit sequences share an 1 I-bp oligonucleotide that overlaps by 7 bp one 12-bp block identity between the human and mouse sequences. Although the similarity is weaker in the rabbit sequence, the aggregate extent and close alignment of these oligonucleotide identities suggest similar control functions.
The rabbit may have accepted certain modifications in its DNA composition more suitable to its needs. A statistically significant IO-bp-long block identity was found at position 9 15 3' to J5 in the human sequence, position 1,196 3' to J5 in the mouse sequence, and position 959 3' to J5 in the rabbit sequence. This oligonucleotide identity may be part of a second enhancer element present in all three sequences. This hypothesis is supported by the following: (1) extensive proximal aligned block identities, (2) substantial G+C-rich stretches, and (3) an abundance of close dyad-symmetry pairings, each of sufficient stem length. A long G+C-rich (or A+T-rich) stretch with sufficient mixing of complementary nucleotides is effectively duplicated on the complementary strand. A segment enclosing several dyad-symmetry combinations of potential stem lengths 27 bp provides both a sequence and its inverted complement sequence quite close by, ensuring that any interacting protein is presented with the same sequence in both orientations.
The vicinity of the triply shared lo-bp oligonucleotide shows other significant block identities in which two of the three species' sequences are in near alignment. In the human and mouse sequences, this common IO-bp block is embedded in an oligonucleotide 14 bp long, with another block identity 11 bp long at a gap distance 52 bp upstream in the human sequence and 55 bp upstream in the mouse sequence. In the human and rabbit sequences, the triply shared IO-bp oligonucleotide is closely flanked (~60 bp) on both sides by significant block identities of formidable lengths-that is, 14 bp and 25 bp (the former of which is positioned at 965 3' to J5
58 Karlin and Ghandour in the human sequence and at 1,008 3' to J5 in the rabbit sequence)-that are also in relative alignment. Contained in the 2%bp identity block is an 8-bp oligonucleotide common to all three species' sequences. The similarity is further enhanced by virtue of the 12-bp oligonucleotide (GAACTATATGTT) and the two 11 -bp block identities (CTCTTTTGTCT and ACACAGTGATA) shared by the mouse and rabbit sequences (table 1). The 14-bp oligonucleotide (CTTGAAATAATTTT) and the two 13-bp oligonucleotide identities (TTTAGAGCCTTTT and AAAATGTAAAGCT) shared by the human and rabbit sequences (table 1) prove to be in alignment with the triply shared lo-bp block if an unsequenced 570 f 3-bp segment in the human sequence (Hieter, private communication) in the vicinity of 985 3' to J5 is taken into account. Moreover, -140 bp upstream from the IO-bp block, all three sequences show a G+C-rich stretch -75 nucleotides long.
A highly significant 16-bp oligonucleotide proximal to J5 is shared by the human and rabbit sequences and an additional 1 I-bp block identity shared by them is in approximate alignment ( fig. 2 ). This identity may be relevant to proper J-splicing (compare with section 5 of Karlin et al. [ 19851) .
A fourth weakly similar (not statistically significant) sector is found in the proximity of the C region; in the human and rabbit sequences, it is located -100 5' to C, and in the mouse and rabbit sequences, it is -23 5' to C.
It is noteworthy that all of the statistically significant block identities between any two of the three sequences involve the human sequence. (Figs. 1 and 2) All the significant block identities that are presented graphically in figure 1 retain the same order across all three sequences (i.e., there are no crossing lines), although the spacing between blocks is not preserved. Examination of figure I reveals several regions with approximately equal spacings and others with substantial differences. Assuming that there existed a common ancestral gene complex from which those of all three of these species diverged at approximately the same time, we propose a scenario of insertions, deletions, and amplifications through which the significant block identities can be presented as being perfectly aligned. Since the order of divergence is unknown, we have adopted the rule that the required event in any one of the three sequences occurred in the unrooted lineage that differs from the other two.
Alignment Maps and Interpretations
We know that a stretch of -570 bp at 985 3' to J5 in the human intron was not sequenced (Hieter and Kuehl, private communication). Note the abundance of AS-T repeat clusters (suggesting substantial duplication), expanding to an -250-bp stretch traversing 1.6-l .9 kbp 3' to J5, in the rabbit sequence; note also that such duplications are apparently absent from the human and mouse sequences.
The region 2.6-2.8 kbp 3' to J5 in the rabbit sequence also contains an excess of CA and CAA repeats. Analysis of dyad-symmetry structures among the three sequences further singles out the region 550-800 bp 3' to J5 in the rabbit sequence as having a preponderance of large dyad symmetries with associated inverted complementary oligonucleotides located 1 kb downstream. These special structures can be explained by postulating a cumulative insertion of -115 bp in the rabbit sequence in the vicinity of 650-800 3' to J5.
Further study of figure 1, focusing on the region from the end of J5 to -0.5 kbp 3' to J5, indicates several substantial block identities between mouse and human and mouse and rabbit with the mouse locations considerably ahead. An insertion in the mouse sequence of -220 bp between coordinates 100 and 400 3' to J5, coupled to some relatively short insertions and deletions in the human and mouse sequences ( fig. 2) , would serve to align all of the statistically significant identity blocks up to the second enhancer region. Allowance for both the unsequenced 570-bp portion of the human intron and a deletion of -400 bp in the vicinity of coordinates 1,300-1,500 3' to J5 in the mouse sequence serves to align the central intron region of these two sequences. Finally, adding three insertions of -40, -40, and -30 bp in the human sequence and adjusting for the evident duplication regions in the rabbit sequence that were mentioned earlier results in the scenario of figure 2, which projects the ancestral intron region to be -2,6 15-2,620 bp long.
Close and Global Dyad-Symmetry Combinations of the Intron Region
An enhancer element's capacity to operate in either orientation could imply that its reading in the 5' to 3' direction exhibits an essential DNA feature that is also maintained in its inverted complementary sequence. This feature could reflect conformation, DNA signature, or some other pattern or structure. For example, a region containing a close dyad-symmetry pair-that is, an oligonucleotide whose inverted complementary oligonucleotide occurs within a short distance-obviously presents the same two oligonucleotides in both orientations. Other configurations that look the same in both orientations include a stretch of A+T or C+G bases and runs of alternating complementary bases. Thus, a long G+C-or A+T-rich stretch with sufficient alternation is duplicated on the complementary strand. Alternating purine and pyrimidine bases (as postulated to facilitate Z-DNA structure) or alternating strong and weak bases (providing an optimum between bonding and single-strand accessibility) also preserve this characteristic on the complementary strand.
The importance of identifying dyad-symmetry (inverted complementary) pairs for their potential function in secondary structure and as signals for transcriptional or translational control is well recognized (e.g., Tjian [ 19781; Nomura et al. [ 19801; Lewin [ 19831, pp. 205-208) . In the following, we identify all large dyad-symmetry pairings and all close dyad-symmetry combinations, the latter being defined in this discussion as a dyad-symmetry oligonucleotide pair capable of dyad matching over a stem length of 17 bp and a loop length of 155 bp. We exclude from this enumeration all self-dyads. A self-dyad (labeled as palindrome in other writings) is an oligonucleotide identical to its inverted complement (e.g., CACTAGTG). In the analysis of a variety of DNA sequence data, we found that short self-dyads (even those as long as 16 bp) tended to be selected against (Karlin et al. 1983) . Possible reasons for this are that self-dyads may slow transcription (pause sites) and encumber efficiency. It is reasonably well-documented in laboratory experiments that when short self-dyads are coerced into a stem-loop form, they generally snap back quickly to a linear configuration (Buchman and Berg 1984) .
Close dyad-symmetry combinations composed primarily of G+C bp potentially form the most stable secondary structures. From such a perspective, DNA sequences dominated by G+C-component nucleotides may seem to be less subject to disabling mutation events and, concomitantly, may present more stable target sites. In this context, it is noteworthy that the known enhancer element positioned -600-750 5' to C in all three species' sequences (labeled El in fig. 1 ) and the second enhancer region (labeled E2 in fig. l) , situated in the neighborhoods of 915 3' to J5 in the human sequence, 1196 3' to J5 in the mouse sequence, and 959 3' to J5 in the rabbit sequence (see section 2), show substantial G+C-rich composition. Table 2 lists all close dyad-symmetry pairings (allowing for mismatches) extant in the J5-C intron whose stem compositions contain a majority of G+C nucleotides. For purposes of comparison, we note that the number of close dyads in the intron with stem length 27 bp independent of the base composition totals 58 in the human sequence, 77 in the mouse sequence, and 144 in the rabbit sequence. The large excess in the rabbit sequence is primarily associated with a 250-bp stretch between positions 1,650 and 1,900 3' to J5 that has a 95% A+T content. Examination of table 2 reveals that the G+C-rich close dyad pairings are confined to three regions of the J5-C intron: (1) a neighborhood of the El enhancer region (the range of 600-750 5' to C), (2) a 200-bp neighborhood of the second enhancer core sequence in the vicinity of E2, and (3) a few isolated cases generally proximal to the C-domain.
Thus, the preponderance of the G+C-rich close dyad symmetries of the J5-C intron in all three species overlap and surround the two enhancer regions.
A familiar theme suggests that the existence of large dyad symmetries or repeats linking promoter or control and enhancer elements may help in effecting protein- Similarly, starting at position 699 5' to C of the rabbit sequence, the oligonucleotide G.TCACC.G occurs with its inverted complementary oligonucleotide C.GGTGA.C (the set involving two mismatches) I I bp downstream. A dyad-symmetry pair is associated with a control element if one of its component oligonucleotides lies within -100 bp of the postulated enhancer core. The core of E, lies in the region 600-750 5' to C, and the core of E2 is located 820-920 3' to J5 in the human sequence, I. 120-1,220 3' to J5 in the mouse sequence, and 900-1,000 3' to J5 in the rabbit sequence. See also figures I and 2.
DNA interactions at long distances. The mechanisms providing such long-range communications are unknown. Table 3 records all exact (i.e., those involving no mismatches) large dyad symmetries with a stem length 2 11 bp that occur in the full Ig-kappa-gene sequences. The single statistically significant dyad-symmetry pair in the mouse sequence consists of a 14-bp-long oligonucleotide, contiguous to the highly conserved region in the vicinity of 130 5' to J1 (Karlin et al. 1985) whose dyad oligonucleotide is located close to the second enhancer element. This link between these "control" sites is strengthened by the 1 I-bp dyad combination consisting of the oligonucleotide GCTCTGTTCCT, located 64 5' to JI , whose dyad oligonucleotide is also close to the second enhancer element. The mouse-sequence dyad pair located at 1,172 3' to J5 (this stem piece being exclusively purine) and 14 1 3' to C is proximal to two statistically significant long oligonucleotides in the three sequences. This could be important in relating enhancer activity to transcriptional and/or termination control functions. It is interesting that in the mouse and rabbit, all exact dyad symmetries with a stem length 2 11 bp have at least one of the components of the pair in the J5-C intron region, whereas only one of the human large-dyad-symmetry combinations t Statistically significant (probability of occurring by chance = P 5 0.01).
overlaps its intron region. Furthermore, across all three sequences there are surprisingly many (11 of 22) large dyad symmetries associated with either the inter-J or 5' to Jl regions. It is noteworthy that, with one exception, all dyad symmetries composed of r 1 I-bp nucleotides and all dyad symmetries of 10 bp (data not shown) do not overlap the coding domains. These facts may support the idea that communication among distant control sites can be abetted by dyad-symmetry pairings.
Discussion
Our comparative sequence analysis of the J-C intron in the human, mouse, and rabbit Ig-kappa-genes reveals two primary regions of identity. These include a stretch encompassing the demonstrated enhancer element labeled El and a second region -1 kb upstream from El labeled E2 ( fig. 1) . With respect to the J-C intron, the EZ region shows more overall clustering and longer statistically significant block identities between the three species. Both El and E2 are G+C rich and feature a preponderance of stable close dyad symmetries (tables 2 and 3). The region E2 is further distinguished by having a 14-bp dyad-symmetry pairing (the largest such pairing in the aggregate three sequences) that links E2 with a major oligonucleotide identity 5' to Jl. It is hypothesized that EZ contributes important control properties and serves in the capacity of a second enhancer element. Queen and Baltimore (1983) demonstrated enhancer activity within the J5-C intron of the mouse sequence by deleting a region from a Hind111 site located 1.2 kb 5' to C to the 3' end of the cloned Ig-kappa-gene, thus removing El but not E2. Myeloma cells transfected with a plasmid containing the deleted gene were found to yield no detectable kappa-gene RNA transcripts, whereas a plasmid containing the intact gene was found to be transcriptionally active in the same cell line. On the other hand, transfected monkey kidney cells showed identical RNA transcripts for both the deleted and the intact genes (although both at a relatively lower level than did mouse cells). However, the initiation sites of the RNA transcripts in monkey cells were -10 bp downstream from those of the mouse RNAs (lot. cit.). The cell-type specificity of the K-gene enhancer was further demonstrated by , who introduced functionally rearranged light-chain K genes into nonlymphoid mouse L cells. They reported that the detected K-RNA transcripts were 200-300 bp longer than the authentic mRNAs, thus rendering them defective. In subsequent experiments, Picard and Schaffner (1984) isolated a 475-bp segment of the mouse J5-C intron (starting with the nucleotide positioned 931 5' to C), which, when inserted into a plasmid carrying the rabbit P-globin gene, showed enhancement of transcription of that gene in transfected mouse myeloma cells. Compared to the established heavy-chain enhancer element, however, the kappagene enhancer was found to be -5% as active, a result contradicting the findings of Schibler et al. (1978) , who found that both kappa-and heavy-chain-gene mRNAs accumulate to similar levels and have similar turnover rates in myeloma cells. Thus, Picard and Schaffner (1984) point to the possibility "that the low activity of the kappa-gene enhancer is compensated by additional transcriptional regulatory elements 5' to the region [they] have analyzed" (lot. cit., pp. 81-82). In view of the strong identity observed in the E2 region, we speculate that it may include such control elements. Moreover, since enhancer activity can depend on cell type (Queen and Baltimore having worked with lymphoma cells akin to resting cells), other sources of enhancer stimulation may be required in active plasma cells. In fact, Picard and Schaffner (1984) write that the observed discrepancy in enhancer activity between kappa-gene and heavy-chain-gene enhancers "could mean that relative enhancer strength is only crucial in an early stage of B-cell differentiation, for example, to ensure that heavy-chain-gene transcription precedes kappa-gene transcription. At later stages, maximal transcription of both gene types could be controlled by factors acting in trans" (lot. cit., p. 82).
Recent findings by Durdik et al. (1984) further strengthen the likelihood of a "functional" role for the E2 region. These investigators described two unusual DNA rearrangements occurring in two h-light chain-producing B-cell lines in the mouse, one involving the J-C introns of a V/J-joined but nonfunctional K-gene and a second having a recombining sequence downstream of the K-gene C-domain. These events have resulted in only J regions of K-genes having no associated C-domains and are postulated to use a developmental switch step from K-to h-gene expression (lot. cit.). The joining site of the first recombination is localized -40 bp from the major oligonucleotide identity of the E2 region.
Also, Chung et al. (1983) report regions of DNase I hypersensitivity that closely relate to El and EZ. This finding, as well as the results of Parslow and Granner (1982) , support the notion that these two regions play a role in K-gene activation.
In fact, V. Oi (personal communication) is presently experimentally investigating the E2 region (cf. Morrison and Oi [ 19841) .
As reported in the companion paper (Karlin et al. 1985) , the comparisons of the complete J-C of the Ig-kappa-genes in man, the mouse, and the rabbit showed a versatile array of block identities. The significant oligonucleotide identities in the intron region further support the conclusion that, for the three species considered, the human and rabbit sequences are most similar in the flanking regions.
